Using a cloned cDNA (pGAP30) the iiucleotide sequence for chicken glyceraldehyde-3-phosphate dehydrogenase mRNA has been determined. The cDNA insert contains 1051 nucleotides representing the amino acid coding sequence, with the exception of 49 NH2-terminal amino acids, and includes the entire 3'-noncoding region. Sequence information on the missing 5' terminus of the mRNA, not represented in the clone pGAP30, was obtained by extension of the cDNA using an 85-nucleotide-long internal rragment as a primer. Thus the sequence of 310 amino acids of chicken glyceraldehyde-3-phosphate dehydrogenase representing 93 (x of the complete primary structure could be derived. The coding portion exhibits non-random utilization of synonymous codons with a strong bias for codons with G or C at the third position. The non-coding region contains several octanucleotides which are repeated and shows a potentially stable stem-and-loop structure located towards the end of the mRNA. Hypothetical functional implications of the putative secondary structure are discussed.
GAPDH cDNA from chicken heart muscle and the amino acid sequence of the enzyme as predicted by the nucleotide sequence. The structure is compared with the known amino acid sequences of GAPDH from other organisms to establish the degree of divergence during evolution. T o the best of our knowledge, the nucleotide sequence data on chicken GAPDH mRNA constitutes the first report on the primary structure of the GAPDH coding sequence from vertebrates. The construction of recombinant plasmids pGAP30 and pGAP36 bearing chicken GAPDH double-stranded cDNA inserts was described previously [5] . Large preparations of pGAP30 plasmid DNA were performed by methods described by Holland and McCarthy [I 71. To generate fragments suitable for sequence determination, appropriate restriction enzymes were used for digestion as recommended by the supplier (Bethesda Research Laboratories).
EXPERIMENTAL PROCEDURES

Preparation of Cloned Glyceraldehyde-3-Pliosphate
D N A Sequence Analj5sis
Nucleotide sequence determinations were performed as described in detail by Maxam and Gilbert [I 81 . The insert of the recombinant plasmid pGAP30 was completely sequenced. DNA fragments were labeled at their 5' ends with pj-32P]ATP and polynucleotide kinase (Boehringer) after treatment with calf intestine alkaline phosphatase (Boehringer). Labeled fragments were purified by polyacrylamide gel electrophoresis and eluted by crushing the gel pieces and shaking them overnight at 37 "C in 0.5 M ammonium acetate, 10 mM magnesium acetate, 0.1 7; sodium dodecyl sulfate and 0.1 mM EDTA.
I30
For each singly labeled fragment the following four sequence reactions were performed : Guanine with dimethylsulfate; guanine + adenine with formic acid; cytosine + thymine with hydrazine; cytosine with hydrazine plus NaCI.
Sequence samples were resolved on 22 x, lo:',; and 6 polyacrylamide sequencing gels. The gels were 400 mm long and 0.3 mm thick. 
Prinzer l%tmsion
Primer extension was performed essentially as described by Hagenbuchle et al. [19] . DNA from pGAP30 plasmid was digested with Hinfl restriction endonuclease and the resulting fragments were radiolabeled at their 5' ends with polynucleotide kinase. A 780-nucleotide fragment containing the 5'-terminal portion of GAPDH mRNA was isolated by gel electrophoresis and cleaved with restriction endonuclease Suu3A yielding a singly labeled fragment of 85 nucleotides which was used as specific primer.
"P-labeled primer (10-20 pmol) was hybridized with 40 pg of polyadenylated RNA from heart muscle in SO p1 of 80 deionized formamide, 0.4 M NaC1, 0.01 M Pipes pH 6.5 and 0.1 ' ; A sodium dodecyl sulfate for 60 min at SO'C. The reaction was terminated by adding 200 PI of ethanol at -20 C. The precipitate was washed twice with cold 700f ethanol and dried. The total ethanol precipitate was used in a SO-p1 reaction mix containing SO mM Tris pH 8.3, 10 mM MgC12. 0.5 mM dithiothreitol, 1 mM each of the four deoxynucleotide triphosphates and 20 units of reverse transcriptase (Life Sciences. Inc.). The cDNA reaction mix was incubated for 1 h at 42 C. The reaction products were precipitated with ethanol, denatured in 0.1 M NaOH for I0 min at 68°C and layered on a 6 " / ; polyacrylamide gel in Tris/borate/EDTA buffer. Primer-extended cDNA was located by autoradiography, eluted from the gel and sequenced as described above.
Secon&rrrj% Structure Anulysis of S'-Noticoding Sequence
Determination of potentially base-paired regions in the 3'-noncoding sequence of GAPDH mRNA was performed by computer analysis on a VAX 11/780 using the program of Zucker and Steigler [20] . Values for optimal binding energies were taken from Henco [21] .
RESULTS
The construction and characterization of cDNA recombinant plasmids containing structural gene sequences of GAPDH from chicken heart muscle has previously been reported 151. One of these clones, designated pGAP30, contains an insert of 1051 base pairs plus poly(A) stretches of various length at both ends of the inserted DNA. The identity ofthis plasmid has now been fully confirmed by direct sequence analysis of the entire cloned DNA.
Based on the restriction map ofpGAP30 DNA, which we had established earlier [5] , the strategy for sequence determination was developed. Double-stranded DNA fragments of defined length were generated with restriction endonucleases as indicated in Fig. 1 . The fragments were labeled on both 5' ends with polynucleotide kinase and [y-"PATP and cleaved by secondary digestion with appropriate restriction enzymes t o obtain singly labeled DNA subfragments which were then purified on polyacrylamide gels. Fragments eluted from the gel were sequenced according to Maxam and Gilbert [IS] . The internal 320-base-pair fragment obtained . The coding information is followed by an UGA termination codon and 228 nucleotides constituting the 3'-noncoding sequence. Additionally, the clone contains about 30 adenosine residues at the left end and a variable number of adenosines ranging from 50 to 120 at the right end which corresponds to the 3' end of the inRNA. The variation in length of poly(A) stretches is presumably due to a recombination-independent deletion of homopolyniers since it was observed within single clones even after retransformation of rec-Esckerichia coli with purified pGAP30 DNA at very low concentrations (unpublished results). To obtain additional information on the 5' portion of the mRNA that was not represented in the clone, we synthesized the corresponding cDNA using primer extension of cloned DNA. For this experiment pGAP30 DNA was digested with HinfI and Scru3A to yield ;I fragment of 85 nucleotides from the left end of the insert (see Fig. 1 ). After 5'-end radio-labeling, the fragment served as specific primer for cDNA synthesis using total mRNA of chicken hearts as template. As shown in Fig. 3 , the predominant product made in this reaction was the maximally extended cDNA of 344 ( F 5 ) nucleotides which we further subjected to sequence analysis. From the observed length of the primer-extended cDNA we calculated the actual size of chicken GAPDH mRNA to he 1 I%( 5 ) nucleotides leaving space for 68( F 5 )
nucleotides of 5'-noncoding sequence in front of the AUG start codon. The relatively low radioactivity introduced into the primer together with a rather ineffective synthesis ofcDNA under the conditions described (only 10-30"<', of the primer In summary, we have determined 310 amino acids of the chick GAPDH enzyme representing 93"7, of the total primary structure of 322 amino acids.
DISCUSSION
To compare the amino acid sequcnce of chicken GAPDH with the known structures of GAPDH from yeast [8] , pig [IO] and human [l I], 310 amino acids of each enryme were aligned to maximize homology as shown in Fig.4 . The chicken enzyme contains 332 amino acids, the same number as the pig GAPDH, but differs from the enzyme in yeast, which is one amino acid shorter, and from the human enzyme, which contains 334 amino acids. It can be seen that the degree of conservation of the amino acid sequences of GAPDH during evolution is relatively high wilhin the vertebrate kingdom, whereas the primary structure of the yeast enzyme differs considerably. The highest percentage of conserved amino acids in comparison to chicken GAPDH is exhibited by the porcine enzyme containing 92.6 of sequence homology, followed by the human enzyme with 87 Only 66.5 y; of the sequence from yeast GAPDH are identical with the chicken enzyme. Most of the substitutions can bc regarded as con- servative and could have resulted from single base changes. The amino acids Ser-148, Cys-149, Thr-150, His-176. Lys-183 and Arg-231, which are considered to be essential for the enzymatic activity of GAPDH [11, 22] , are present in chicken GAPDH at the same position as in all other GAPDH enzymes sequenced so far.
Chicken GAPDH mRNA reveals a non-random utilization of synonymous codons as previously shown fos other mRNAs [22-261, suggesting that codons for the same amino acid are not neutral. Fig.5 shows marked differences in the frequency with which certain codons are used. In particular, the amino acids Leu, Ile, Glu and Arg show a highly significant preference in codon use. Similar preference but to a lesser extent can be observed for Pro, Ala and Gln, whereas codons for His, Tyr, Asn, Asp and Gly are used almost equally. I n general, there is an underutilization of codons ending in A or U and a preference for codons ending in G or C, although certain amino acids, e.g. Ala os Arg, behave the opposite way. The bias in codon utilization appears to correlate with the mRNA per .se, rather than with the organism or tissue, since another distinct mRNAs in the same cell shows a different pattern of preference, as we have shown for the myosin light chain inRNA of chicken cardiac tissue (unpublished results).
On the other hand, yeast GAPDH mRNA reveals yet another combination of predominant codons [15] . In the chicken GAPDH mRNA the 3'-noncoding region between the UGA stop codon and the beginning of the poly(A) tract is 228 nucleotides long. The putative signal for polyadenylation, the A-A-U-A-A-A-A sequence is located 15 nu- . The potential secondary structure of the 3'-trailing sequence, as shown in Fig.6 , was determined by computer analysis. Large portions of the sequence are able to form base pairs, thus leading to a rather compact shape of the trailer. It is particularly interesting to note that a very stable loop structure is formed by a stem of 15 base pairs and 23 single-stranded nucleotidcs in the loop. In the secondary structure, drawn by the computer, this large helical stein is located very close to the UGA stop codon of the mRNA. The arrangement could suggest a hypothetical role in translation, since it might support termination, e.g. the ribosomes running off' the mRNA. An alternative function of the loop could be envisaged in termination of transcription assuming that the 3' terminus of the mRNA coincides with the end of the primary transcript. As has been shown for the attenuation of bacterial operons encoding amino acid biosynthetic enzymes [27] or the premature termination of late SV40 transcription [28] , potential stem-end-loop configurations of the transcript seem to be involved in termination of transcription.
Another interesting feature of the 3'-noncoding region is the occurrence of several repeated oligonucleotide sequences, of which the two longest are octanucleotides. Although the function of these repeats remains obscure, one could speculate that they might be important for the formation of spontaneous deletions in noncoding regions, which are subject to high mutation rates compared to coding regions of genes. The involvement of similar short repeats for deletion mutations has recently been documented in bacteria [B] .
